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ABSTRACT 

Optical  excitation  of  electrons  in  an  asymmetric  double  quantum  well  is  theoreti¬ 
cally  examined.  The  well  is  biased  to  align  the  excited  levels  and  permit  resonant  electron 
tunneling.  Emphasis  is  made  on  the  photoinduced  transfer  of  electrons  counter  to  the 
bias  electric  field  force.  A  density-matrix  approach  is  developed  to  describe  optical  ex¬ 
citations  in  the  presence  of  an  arbitrary  dephasing.  The  excitation  profiles  obtained  for 
cases  of  different  dephasing  reveal  the  full  range  of  tunneling  coupling  between  the  wells 
from  completely  coherent  to  incoherent  (stepwise). 

I.  INTRODUCTION 

The  aim  of  this  paper  is  to  consider  theoretically  processes  of  optical  excitation 
and  electron  transfer  in  an  asymmetric  double  quantum  well.  i.e..  in  a  system  consisting 
of  two  different  quantum  wells  coupled  by  electron  tunneling.  We  will  concentrate  on 
intersubband  electronic  transitions,  which  are  excited  by  far  ir  radiation  and  consider 
both  optically  linear  and  nonlinear  effects.  We  will  focus  on  the  effect  of  the  light- 
induced  transfer  of  electrons  from  one  well  to  the  other  one  in  the  double  quantum  well. 
It  is  important  that  in  biased  quantum  wells  such  a  transfer  can  occur  against  the  electric 
field  force  and  with  high  quantum  yield  (up  to  0.5). 

We  will  asstime  that  the  conduction  band  states  in  the  quantum  well  are  populated 
due  to  a  modulation  doping  of  the  barrier  regions  and/or  an  incoherent  optical  excitation 
from  the  valence  band,  and  consider  purely  electronic  transitions  between  subbands  of 
the  conduction  band.  We  will  also  assume  the  electron  density  to  be  small  enough  to 
exclude  excitonic  and  other  many-body  effects. 

Much  work  has  been  done  on  the  electronic,  optical  and  kinetic  properties  of  semi¬ 
conductor  double  quantum  wells  (see.  e.g..  Ref.  1  and  references  cited  therein,  and  also 
recently  published  papers*” which  are  relevant  for  the  present  work).  A  fundamental 
phenomenon,  which  is  a  subject  of  the  study,  is  resonant  tunneling  between  the  quantum 
wells.  A  distinctive  feature  of  this  phenomenon  is  a  considerable  enhancement  of  the 
tunneling  probability  if  the  energies  of  the  donor  and  acceptor  levels  are  close  enough. 
To  describe  theoretically  this  phenomenon  or  interpret  experimental  results,  most  of  the 
above  cited  works  rely  on  the  use  of  the  Schrddinger  equation.  In  this  approach*,  the 
wave  functions  of  resonant  levels  in  the  wells  tue  mixed  due  to  tunnehng,  and  these 
states  repulse  forming  a  doublet  separated  by  the  energy  2  |r|,  where  r  is  the  tunneling 
amplitude.  The  tunneling  is  described  by  the  delocalization  of  the  electron  wave  func¬ 
tion.  Such  tuimeling  is  often  called  coherent,  and  we  will  follow  this  terminology.  It 
is  well  understood  (see.  e.g..  Refs.  3.  4  and  7)  that  relaxation  destroys  coherence,  and 
makes  tunneling  incoherent  (stepwise).  When  the  relaxation  rate  F  becomes  on  order 
of  the  tunneling  amplitude  r  or  greater,  the  incoherent  (stepwise)  tunneling  takes  place 
between  non- mixed  states. 

To  describe  a  general  case  of  an  arbitrary  relaxation  we  will  use  the  density-matrix 
techmque,  which  allows  one  to  fully  take  into  account  the  relaxation,  including  the  de¬ 
phasing  contribution  to  the  polarization-relaxation  rate.  Such  a  contribution,  which  is 
usually  neglected,  may  be  important. 

To  explain  the  essence  of  the  effect  of  electron  counterfield  trtmsfer*®.  let  us  consider 
an  asymmetric  double  quantum  well  with  an  electric  field  applied  perpendicular  to  the 
well  plane.  The  schematic  of  the  confining  potential  and  electron  levels  (subbands)  is 
shown  in  Fig.  1(a)  with  ID  and  12)  as  the  ground  states  in  the  narrow  ( Af)  and  wide  (  W) 
wells,  respectively.  The  excited  state  in  the  N  well  is  (3).  and  in  the  W  well  |4).  Let  us 
assume  that  the  electric  field  aligns  the  excited  levels  |3)  and  |4).  so  that  tunneling  from 
one  excited  level  to  the  other  one  is  resonantly  enhanced. 


Fig.  1.  Coupled  wide  {  IF)  and  narrow  ( N)  quantum  wells  (a  -  in  the  absence  of 
bias,  b  -  in  the  presence,  where  the  excited  levels  are  aligned).  Schematic  of  the  confining 
potenticd.  energy  levels,  and  radiative  (wavy  arrow)  and  nonradiative  (dashed  arrows) 
transitions.  The  regions  A  and  B  containing  a  dense  electron  gas  serve  as  electrodes  for 
the  capacitance  coupling  of  the  double  well  to  an  external  circuit.  The  insulating  barriers 
.4  W  and  NB  are  supposed  to  be  thick  and  high  enough  to  exclude  considerable  tunneling 
through  them  (see  the  text). 


Qualitatively,  the  electron  transfer  effect  is  most  pronoimced  in  the  coherent- 
tunneling  case,  where  the  aligned  excited  states  form  a  doublet,  the  upper  and  lower 
components  of  which  we  denote  as  j-b)  and  1—).  The  j±)-state  wave  functions  are  delo¬ 
calized  over  both  the  U  and  W  wells  due  to  resonant  tunneling.  In  contrast,  the  lower 
levels  are  not  aligned,  and  the  |1)  state  is  basically  localized  in  the  N  well  and  |2)  in 
the  W  well.  Since  the  subband  splitting  of  the  W  well  is  smaller,  the  overall  ground 
state  is  |1)  in  the  N  well  [see  Fig.  1(b)].  We  assume  both  the  electron  density  tuid  the 
temperature  to  be  not  very  high,  so  that  only  the  |1)  state  is  considerably  populated. 

Suppose  that  ir  light  excites  an  intersubband  transition  in  the  N  well.  i.e.  one  of 
the  transitions  of  the  type  |1)  — ►  |±)  shown  in  Fig.  1(b)  by  a  wavy  arrow.  Since  the 
splitting  of  the  levels  in  the  N  well  is  assumed  to  be  considerably  greater,  the  radiation 
does  not  excite  a  transition  in  the  W  well.  The  electron  excited  to  either  of  the  |±) 
states  is  quantum-mechzuiically  delocalized  o\'er  both  the  w’ells.  Subsequent  relaxation 
brings  about  electron  transitions  to  the  ground  states  ll)  and  |2)  shown  in  Fig.  1(b)  by 
dashed  arrows.  The  transition  rates  are  proportional  to  the  probabilities  for  an  electron 
to  be  localized  in  the  corresponding  wells  and.  for  aligned  levels,  axe  on  the  same  order 
of  magnitude.  Thus,  with  an  appreciable  probability,  the  electron  comes  to  the  state  |2), 
which  is  mainly  localized  in  the  W  well. 

Summarizing,  a  net  result  of  the  photoexcitation  of  the  intersubband  transition  in 
the  N  well  is  a  transfer  of  the  electron  from  the  N  well  to  the  W  well  in  the  direction  of  the 
potential  increase  [see  Fig.  1(b)],  i.e.  against  the  direction  of  the  field  force.  Indeed,  the 
energy  needed  for  such  a  transfer  is  taken  from  the  exciting  radiation.  Note  that  if  the 
transition  in  the  wide  well  is  excited,  the  electron  transfer  would  occur  in  the  direction 
of  the  field  force. 

The  closest  counterpart  of  the  above  described  effect  is  the  observation  by  Sauer. 
Thonke  and  Tsang*  of  photoinduced  space-charge  buildup  due  to  asymmetric  electron 
and  hole  tunneling  m  coupled  quantum  wells.  The  effect  of  Ref.  2  is  similar  to  the  present 
effect  in  regard  to  electron  transfer  against  the  electric-field  force  but.  nevertheless,  is 
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essentially  different  in  the  foilowine  respects.  First,  there  is  no  relaxation  involved  in 
charge  buildup  in  Ref.  2.  and.  as  a  result,  the  electron  buildup  is  minimum  for  the 
levels  aligned,  while  in  our  case  it  is  maximum.  Also,  lor  the  aligned  excited  levels  after 
switching  off  the  optical  excitation,  the  charge,  which  has  been  transferred  between  wells, 
disappears  in  a  time  on  the  order  of  the  resonant  tunneling  time,  while  in  our  case  the 
ch2Lrge  trtinsferred  is  stable  on  this  temporal  scale.  Second,  the  effect*  is  induced  by 
interband  transitions,  and.  therefore,  the  portion  of  the  photon  energy  accumulated  in 
the  potential  energy  of  a  transferred  electron  is  small,  as  distinct  from  the  present  effect 
based  on  intersubband  transitions.  Third,  the  chcirge  transfer  in  Ref.  2  is  based  upon 
the  difference  in  the  tunneling  time  of  the  electrons  in  the  conduction  band  and  holes  in 
the  \’alence  band,  while  no  conduction-band  holes  participate  and  no  such  requirement 
is  relevant  for  the  present  effect. 

II.  EXCITATION  AND  ELECTRON  TRANSFER  IN  THE  DENSITY- 
MATRIX  FORMALISM 
A.  Equations  for  density  matrix 

Below  we  present  a  general  theory  based  on  the  density-matrix  approach,  which  td- 
lows  one  to  describe  the  full  range  of  the  interweil  tunneling  regimes  from  completely  co¬ 
herent  in  the  case  of  smtdl  polarization-relaxation  rate  to  the  opposite  case  of  completely 
stepwise  for  strong  polarization  relaxation.  The  simplifying  feature  of  our  approach  is 
the  use  of  the  tight-binding  model  in  the  restricted  basis  of  the  states  in  isolated  wells 
T) .  12)  .  j3)  .  |4).  and  of  the  relaxation-constant  model  for  the  relaxation  term  in  the  equa¬ 
tion  of  motion  for  the  density  matrix  (see  below). 

We  start  with  the  Hamiltonian  of  the  system  in  the  form  H  =  + 

Hi;  "’here  s,  are  the  subband  energies,  and  and  a  are  the  electron  creation 

and  cuinihilation  operators,  with  i.j  =  1.2. 3.4.  The  one-electron  operator  V'  describes 
interaction  with  the  electromagnetic  field  and  electron  interwell  tunneling,  and  its  inde¬ 
pendent  nonzero  elements  are  V31  =  -dsi  (Ee~’^‘  -f-c.c.),  V43  =  r.  The  one-electron 

density  matrix  r  is  defined  as  rij  =  Its  diagonal  matrix  elements  are  the  popu¬ 

lation  probabilities  n,  =  r,,. 

The  equation  of  motion  for  r  can  be  obtained  in  the  usual  way  by  commuting  the 
pair  operator  a^a,  with  the  Hamiltonian  and  adding  the  relaxation  term.  This  has  the 
well-known  form  1  we  use  the  system  of  units  in  which  fi  =  1 ); 

dr 

-  =  nr,.^r|-7?  .  ,1) 

where  the  one-electron  energy  operator  e  is  defined  as  (ilsl;)  =  ci^,).  and  R  is  the 
relcixation  operator.  In  the  low-temperature  case.  i.e.  for  neglect  of  thermal  acti'V’ation. 
the  diagonal  part  of  R  describes  spontaneous  decays  from  higher-  to  lower-lying  levels, 
and  in  the  the  model  of  relzixation  constants  has  the  form 

Rti  =  ■;i  ~  •  (2) 

j  (;<')  j  (;>') 

where  is  the  rate  constant  for  spontaneous  decay  |j)  — >•  ji). 

In  what  follows,  we  will  neglect  direct  relaxation  transitions  that  involve  nonreso¬ 
nant  interwell  tunneling.  |3)  — ►  |2)  and  14)  — ‘  |1),  on  the  grounds  of  the  small  probability 
of  nonresonemt  tunneling  with  respect  to  the  resonant  one.  The  rates  of  the  above  pro¬ 
cesses  are  negligible  with  respect  to  the  rates  of  the  collateral  two-step  processes  involving 
the  resonant  tunneling.  i3)  ^  A)  — »  12)  and  |4)  — ►  jS)  — *  jl),  which  will  be  taicen  into  ac¬ 
count.  However,  the  nonresonant-tunneling  process  12)  —  jl)  should  be  included  despite 
its  small  rate,  because  there  is  no  resonant  process  to  compete  with  it.  Thus,  only  the 
following  decay  rate  constants  should  be  taken  into  consideration;  “3  =  ">13,  *4  =  ">24, 

=  ""i:- 
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The  nondiagonai  part  of  R  describes  the  polcirization  reitixation  and  in  the  model 
under  consideration  is  given  by 

Rij  =  r,jr,j  ,  r.j  =  i  (7,-  +  7>)  +  f,;  ,  (3) 

where  fij  >0  is  the  pure  dephasing  term. 

Below  we  adopt  the  resonant  approximation,  which  is  also  synonymously  called 
the  Rotating- Wave  Approximation  (RWA).  .Applicability  of  this  approximation  is  well 
established  for  optical  that  are  fields  not  very  strong.  Technically,  the  RWA  is  equivalent 
to  neglecting  multiple  htirmonics  of  the  light  frequency  in  the  equations.  Doing  so.  we 
ctin  explicitly  determine  the  temporal  dependence  of  the  poltirizations. 

Pl3  =  PU^XpilQt)  ,  Pi4  =  Pi4exp(ifit)  ,  P43  =  P43  .  (4) 

where  pi3,  pn,  and  P43  are  slowly  varying  amplitudes.  From  Eq.  (1)  we  find  the  system 
of  equations  with  constant  coefficients  for  the  density- matrix  elements 

^  = -2Im(pi3C7)  +  72n2 +  73n3  ,  ^  = -')'2n2  +  74^4  , 

^  =  2Im(  P13G) -73n3 -l-2Im(p437'*)  ,  ^  = -2Im(p43r*)  -  74n4  , 


=  iG*  (ni  —  Ha)  -h  iTpi4  —  gi3p\3  , 

=  ir  (n4  -  733)  -f- iG*P*4  -  P43P43  , 


P43  ^  pl3  —  gi4p\4  . 


where  the  notations 

^13  =  ri3  -i- —  e3l)  ,  ?14  =  ri4  -h  «(D  —  £41  )  1  543  =  r43  4- t£43  (6) 

are  introduced,  G  =  -dE,  and  e,j  =£;—£;  are  the  intersubband  transition  frequencies. 

B.  Stationary  solutions 

The  stationaury  solution  of  Eq.  (5)  can  be  obtained  in  a  straightforward  manner. 
The  expressions  for  the  population  probabilities  of  the  excited  levels  aire 

713=  c(6  + 74) -0(04-74)  |c[i>(3  4-74/72)  +  274]  + 

7374  +  M73  +  74)  4-0(73(1  4-74/72)  -  a (3  4-74/72)  -  374]  > 

r  1  r  (7) 

^4  =  0(73-0)4-06  I  0(6(34-74/72)  4- 274)4- 

7374  +  6(73  4-  74)  4-0(73(1  4-  74/72)  -  o(3  4-  74/72)  -  374]| 
where  the  notations 

o  =  2|rnG|'Re(r')  ,  6  =  2|rpRe  [(513514  +  kl') /"’]  , 

c  =  2|G|*Re  [(^43^14 -h  |G|^) /“']  ,  /  =  543  (513514  +  kl^)  +  5i3|G^I* 

are  introduced.  As  follows  from  from  the  second  equation  of  the  Eq.  (o).  the  probability 
02  of  the  electron  transfer  is  simply  related  to  04  hy 


>^2  =  7472  ‘'^4 


Note  that  he  expressions  (7)  are  exact. 


(9) 


C.  Numerical  illustrations 

The  etFect  of  the  polarization  relaxation  on  the  electron  excitation  and  transfer 
can  be  traced  in  Fig.  2.  We  can  see  in  Fig.  2(a)  that  in  the  case  of  a  weak  dephasing 
(Tia  =  Fh  =  0.1  meV),  the  excitation  contours  are  two  almost  separate  peaks,  which, 
as  can  easily  be  verified,  are  positioned  at  the  transitions  frequencies  of  the  split  doublet 
levels.  The  zisymmetry  of  the  excitation  contour  is  due  to  nonzero  level  mismatch  £43. 


We  emphasize  that  near  the  peak  maxima 
we  have  ~  ns,  which  means  that  the  electron 
transfer  counter  to  the  electric  field  force  occurs 
with  a  high  probability,  an  electron  is  excited  by 
the  light  to  the  |3)  state,  but  appears  with  close 
or  even  greater  probability  in  the  j4)  state  lo¬ 
calized  in  the  other  well.  Using  Eq.  (9),  we  can 
make  sure  that  in  the  spectral  maxima  n2  «  1, 
i.e.  the  populations  are  saturated.  At  the  same 
time,  the  parameter  that  governs  the  polariza¬ 
tion  saturation.  |G^|^ /rj3  1.  This  means,  in 
particular,  an  absence  of  field  broadening  and 
a  low  probability  of  excitation  into  the  contin¬ 
uum. 

With  an  increase  of  the  dephasing  rate  [see 
Fig.  2(b.c)j,  the  spectral  peaks  are  broadened 
and  overlap.  However,  the  population  num¬ 
ber  n4  and,  consequently,  the  transfer  proba¬ 
bility  722  (9)  do  considerably  diminish.  This 
shows  that  the  counterfield  transfer  effect  per¬ 
sists  even  for  relatively  strong  dephasing.  For 
Fis  =  Th  =  10  meV,  the  doublet  structure  is 
completely  absent,  and  the  absorption  contour 
is  symmetrical  and  centered  at  the  frequency 
£31  of  the  transition  in  the  isolated  narrow  well 
[Fig.  2(c)].  This  means  that  the  electron  is  first 
excited  within  the  N  well  zind  then  tunnels  into 
the  W  well.  i.e.  the  tunneling  is  incoherent.. 


Fig.  2.  Population  numbers  03  (solid  line) 
and  and  n4  (dashed  line)  of  the  excited  levels 
as  functions  of  the  exciting  light  frequency  Cl 
(meV)  for  the  dephasing  constants  shown  in  the 
graphs.  The  dephasing  relaxations  in  the  two 
coupled  wells  are  assumed  equal.  Tu  =  ri4. 
The  other  relevant  parameters  are  |(j(  =  0.2 
meV.  73  =  74  =  0.2  meV.  r2  =  0.006  meV,  and 
£43  =  1  meV. 


III.  DISCUSSION 

In  the  stationary  regime,  closed  analytical  expressions  (7)  and  (9)  for  the  popula¬ 
tions  n3  and  of  the  excited  states,  and  for  the  counterfield- transfer  probability  713  are 
obtained.  The  full  range  of  the  transition  from  a  nearly  coherent- tunneling  regime  to  an 
almost  incoherent  one  czin  be  traced  in  Fig.  2.  For  a  weak  polairization  relaxation,  the 
excitation  profiles  reveal  a  two-peak  structure  typical  for  the  coherent  tunneling.  In  this 
case,  the  optical  wave  plays  the  role  of  a  probe  field  exciting  the  system  to  the  doublet 


states  (±).  As  the  dephasing  increases,  the  stationary  states  |±)  are  no  longer  a  good 
zeroth-order  approximation,  and  the  interweil  coupling  becomes  incoherent  ( stepwise  i: 
the  first  step  is  the  excitation  from  the  state  jl)  to  |3)  of  the  W  well,  followed  by  the 
second  step  of  the  tunneling  into  the  iiT  well.  In  qualitative  agreement  with  the  above  pic¬ 
ture.  with  an  increase  of  the  dephasing,  the  double-peak  structure  disappears,  replaced 
by  a  single  peak  centered  at  the  transition  frequency  £31.  If  the  dephasing  in  the  two 
coupled  wells  is  increzised  in  the  same  proportion,  the  excitation  profiles  are  broadened 
[see  Fig.  2(c)]. 

Let  us  discuss  possible  experimental  observation  of  the  counterfield  electron  trans¬ 
fer.  This  effect  can  be  detected  optically  by  monitoring  chtinges  of  the  intersubband 
absorption  in  the  double  well:  as  the  transfer  proceeds,  the  absorption  band  shifts  to  a 
lower  frequency  by  the  amount  £21.  Electrical  detection  of  the  trtmsfer  is  also  possible. 
In  this  case,  external  conductors  should  be  in  contact  with  the  regions  A  and  B  in  Fig.  1. 
However,  achieving  the  regime  of  a  stationary  current  in  the  external  circuit  is  problem¬ 
atic,  because  in  this  case  the  barriers  A  W  and  NB  should  be  penetrable  for  electrons.  If 
so,  the  optical  excitation,  apart  from  bringing  about  the  counterfield  electron  transfer, 
would  also  increase  the  rate  of  the  electron  escape  from  the  N  well  to  the  B  region,  i.e. 
in  the  direction  favored  by  the  bias.  Thus  the  counteifield  transfer  may  be  completely 
masked  by  this  leak  current.  We  believe  that  the  most  reliable  observation  is  the  de¬ 
tection  of  the  counterfield  transfer  based  on  the  capacitance  coupling  of  the  well  to  an 
external  circuit.  Such  coupling  is  achievable  even  with  the  thick  barriers  AW  and  NB. 
thus  excluding  photoinduced  leakage  from  the  N  well  to  the  B  region  discussed  above. 
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